Phase 1 trials of molecularly targeted agents (MTA) often do not use toxicity data beyond the first cycle of treatment to determine a recommended phase 2 dose (RP2D). We investigated the potential utility of longitudinal relative dose intensity (RDI) that may be a better new way of determining a more accurate RP2D as a lower dose that is presumably more tolerable over the long term without compromising efficacy. All consecutive patients who were initially treated using a single MTA at the conventional RP2D or at one level lower dose (OLLD) of that RP2D in 9 phase 1 trials sponsored by the National Cancer Institute were included. The associations between longitudinal RDI, time to first progression, and response rate were analyzed. The RDI of the conventional RP2D group were maintained a rate of ≥70% throughout 10 cycles, and were higher than those of the OLLD group, although in both groups the RDI gradually decreased with additional treatment cycles. The RP2D group was similar to the OLLD group with respect to time to first progression and response rate. In both groups, however, the decreasing RDI over time was significantly associated with shorter time to first disease progression; therefore, the longitudinal RDI, which takes into account lower grade toxicity occurrences, may be useful in determining a more desirable dose to use in phase 2 and 3 studies.
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| INTRODUCTION
The objective of phase 1 oncology trials is to determine the optimal dose of an agent or combination of agents that can be used as the recommended phase 2 dose (RP2D). 1 The conventionally-defined RP2D of a cytotoxic agent corresponds to the maximum tolerated dose (MTD), which is the highest clinically-safe dose that is determined from dose limiting toxicity (DLT) data obtained during the first and, occasionally, the second cycle of treatment. Toxicity data from later cycles is not used to determine the RP2D; furthermore, treatment changes (eg, dose reduction or treatment interruption) are recorded but not used to determine the RP2D.
2,3
While such a conventional approach has been successful for evaluating cytotoxic agents, it may not be optimal to determine the RP2D of molecularly targeted agents (MTA). 4 In this regard, Le Tourneau et al. 5 recommend that treatment delay and/or reduction of relative dose intensity (RDI) be included in the definition of DLT.
Other appropriate definitions of DLT discussed [6] [7] [8] [9] commitments. There is a significant gap in the development of these agents because of a failure to predict an appropriate administration dose, potentially leading to late-onset and/or cumulative toxicity. 12 Consequently, there is a need to assess the frequency of cases requiring MTA dose reduction after cycle 1, and to evaluate the duration and degree of dose lowering (ie, RDI).
Apart from MTD, a study on toxicity information in phase 1 MTA trials found that moderate and severe toxicities occur regularly after cycle 1, and attention on RP2D determination may be warranted. 3 It has been suggested that RP2D assessment should incorporate all available information from any cycle, including lower grade toxicities leading to decreased RDI.
3
Relative dose intensity is defined as the ratio of the effectively delivered dose to the theoretically administered cumulative dose. In early disease, it is considered that the clinical outcome for patients receiving a higher RDI is better than for those receiving a lower RDI. [13] [14] [15] The impact of RDI on survival in advanced/metastatic cancer has been inadequately studied, although it has been individually evaluated in several other cancers and treatment settings. [16] [17] [18] [19] Recently, a review reported that in a few studies, there was an association between RDI and survival outcome in some patients with metastatic cancer, an issue which has also been highlighted in other studies. [20] [21] [22] In this study, a comprehensive analysis of RDI was carried out to address 2 issues for determination of a more accurate RP2D: (i) the degree to which RDI is reduced in later cycles during RP2D and one level lower dose (OLLD) of the RP2D uses in phase 1 trials, and whether initial dose (ie, the RP2D or OLLD) matters; and (ii) whether a reduced RDI is associated with poor clinical outcomes, such as shorter time to disease progression or lower response rates. To this end, we defined the RDI for each patient as the ratio of the RP2D (or OLLD) delivered to the theoretically administered cumulative RP2D at every cycle during the trial in the RP2D (or OLLD) group.
The associations between the RDI over the long term, time to progression, and response rate between the 2 groups were assessed.
These issues cannot be assessed with data from phase 2 or 3 trials because they use a single RP2D of the investigational drug determined from phase 1 trials. Therefore, we used integrated data from (ii) 18 involved renal/kidney dysfunction patients; and (iii) the objective of 11 was not dose-finding. Ten trials that did not reach the MTD were also excluded. For the remaining 9 trials, we collected data on target tumor type, class of agent, administration route, dosefinding design used and number of dose levels.
| Data collection
For each trial, we extracted data for patients who were initially trea- Kaplan-Meier curves with information on the RDI were also graphed. 23 All statistical tests were 2-sided. P < .05 was considered statistically significant. All the analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA).
3 | RESULTS
| Trial and patient characteristics
The characteristics of 9 phase 1 dose-finding trials are shown in Table 1 . Five trials included only patients with any solid tumors (one trial with only patients with gynecologic cancer), and 4 trials included solid tumors or lymphoma. Most of the agents evaluated in our study were small molecule tyrosine kinase inhibitors (TKI) (78%). The routes of MTA administration were oral for 6 trials (67%) and intravenous for 3 (33%). The 3 + 3 design was used in 7 trials (78%). The median number of dose levels in l the trials was 6 (range 5-10).
The patient characteristics are listed in Table 2 . The number of patients receiving the conventional RP2D (n = 141) was more than double that receiving OLLD (n = 60). This result is because in phase 1 trials, a larger number of patients are generally enrolled in the RP2D cohort for safety confirmation than in the OLLD group.
The median number of patients per trial in the conventional RP2D
and OLLD groups was 14 and 5, respectively. The distributions of age, sex, race and PS were almost the same for both groups.
| Prevalence of toxicity and treatment management change
We evaluated the prevalence of any grade toxicity and treatment management in the RP2D and OLLD groups through 10 cycles | 209 (Table 3) . Careful interpretation of the comparative result of toxicity prevalence between the 2 groups through 10 cycles was required because the number of patients in the trials gradually decreased with increasing cycles. The reasons for patient drop out of the studies are summarized in Table S1 .
As listed in Table 3 and Table S2 , in the RP2D group, grade 3 and 4 toxicities (44.7% and 3.5%) occurred in cycle 1. In the OLLD groups, grade 3 and 4 toxicities (48.3% and 3.3%) occurred in cycle 1. All grades of toxicity in the 2 study groups occurred at constant rates in 10 cycles.
The prevalence of dose reductions in the conventional RP2D group was slightly higher than in the OLLD group until cycle 5. The prevalence of regimen interruptions was commonly higher than that of any other treatment management changes in both groups. The prevalence of regimen interrupted, therapy discontinued, and interrupted and then reduced were similar in both groups.
We also noted the times to initial toxicity of any grade, any grade to the worst grade, and to grades 3 to 4 ( Figure 2 ) through 20 cycles; these were similar in the conventional RP2D and OLLD groups. The following general trends were observed in both groups:
during cycle 1, approximately 100% of the patients developed some grade of toxicity ( Figure 2A ) and 70% developed their worst-grade toxicity ( Figure 2B) ; approximately 40% developed grades 3 and 4 toxicities during cycle 1 with their subsequent occurrence at a constant rate ( Figure 2C) ; for time to first treatment management change, these occurred at a constant rate from cycles 1 to 8 and were then lower after that ( Figure 2D-G) .
3.3 | Relative dose intensity in the 10 longitudinal study cycles
The RDI values of subjects who received treatment through 10 longitudinal study cycles were estimated using the random effect model (see Table 3 ). The RDI of the RP2D group were maintained at the rate of ≥70% throughout 10 cycles, and were higher than those of the OLLD group that ranged from 43.0% to 71.1%, although the RDI decreased in both groups with increasing treatment cycle. The proportions of patients with RDI ≥75% in the RP2D group were also higher than those in the OLLD group in all cycles. The average RDI for patients who dropped out of the study in the 2 groups were <70% in almost all cycles of treatment (Table S1 ).
| Association between longitudinal relative dose intensity and clinical outcome
For each group, patients were categorized into 3 subgroups based on the RDI at each cycle (eg, low group showing RDI <50%, moderate group showing RDI 50%-75%, and high group showing RDI ≥75%), with Kaplan-Meier curves of the time to first disease progression (PD) drawn for each. In the both groups, the significant difference between the low and high RDI subgroups was determined using the log-rank test (P < .05, Figure 3A ,B). Table S3 and Figure 4 ), but suggested that a 10% decrease in RDI significantly shortened the time to first PD (HR, 1.12; 95% CI, 1.06-1.20, P < .001).
In addition, the rates of complete/partial responses (CR/PR), stable disease (SD) and PD for the RP2D group were 10.9% (13/ 119), 31.9% (38/119) and 57.1% (68/119), respectively, and those for the OLLD group were 1.9% (1/53), 32.1% (17/53) and 66.0%
(35/53), respectively. No associations between the dose group (or average RDI) and response rate were found in the multivariate logistic regression analysis (Table S4 ), but the difference in the response rate between the 2 groups (ie, 10.9% of RP2D group vs 1.9% of OLLD group) was shown to be marginally significant by Fisher's exact test (P = .067). The RDI of the 14 patients with CR/PR were maintained a rate of ≥75% throughout (see Table S5 ). The RDI mean values in the RP2D group in the first 10 cycles for patients presenting CR/PR, SD and PD as the best response were 90% (n = 13), 88% (n = 38) and 81% (n = 68) respectively, and those in the OLLD group were 80% (n = 1), 88% (n = 17) and 86% (n = 35).
| DISCUSSION
The conventional RP2D is based solely on toxicity data from cycle 1 for MTA, despite this erroneous determination being identified as a significant cause for failure in the development of new agents in oncology. 24, 25 The apparent relationship between the clinical benefit and MTA dose level was not determined in some studies owing to probably faulty determination of RP2D 26, 27 A study reported that phase 1 MTA trials have probably underestimated toxicity in dose recommendations. 28 However, another study suggested that there are clinical benefits of improved response and overall survival with increasing doses in phase 1 MTA trials. 29 To address this controversial issue and to improve the selection rates for true RP2D, efficient utilization of RDI over the long term should be considered.
Our results suggested that in both RP2D and OLLD groups, grade 3 and 4 toxicities occurred through all 10 study cycles at a constant rate. Although the incidences of grade 3 and 4 toxicities were higher in the OLLD group than in the RP2D group, the toxicities in both groups were not significantly different for most of the cycles (results not shown). Therefore, it appears that the potential incidence of grade 3 and 4 toxicities is similar between the 2 groups. In both RP2D
and OLLD, the treatment changes groups followed a similar pattern and commonly decreased the longitudinal RDI. However, the Prevalence of grade 4 toxicity, % RP2D 3. DLT, dose limiting toxicity; OLLD, one level lower dose of RP2D; RDI, relative dose intensity; RP2D, recommended phase 2 dose. Protocol-specified grade 3 or grade 4 hematologic and/or non-hematologic toxicities were defined as DLT in all the 9 trials evaluated, while grade 2 toxicity was also included in 2 trials. All the 9 trials prescribed rules for treatment changes within the protocol. In some trials, dose reduction rules for grades 2-4 were provided separately.
longitudinal RDI in the RP2D group was maintained at a higher rate compared to those in the OLLD group for all the cycles. Furthermore, the RP2D group was similar to the OLLD group with respect to the time to first PD and response rate. Therefore, the standard RP2D, determined based on the usual dose-finding method using only toxicity data during cycle 1 of treatment, would not only be the MTD but also the continuously administered dose. Notably, the definitive comparison between the efficacy of the RP2D and OLLD dose levels needs to be done in a phase 3 (or, at the least, a phase 2) trial.
In contrast, the 10% decrease in RDI over time was significantly associated with the shortened time to first progression. In addition, the longitudinal RDI of the dropout patients were lower than those in the patients continuing treatment by approximately 10%-20% in the early cycles of treatment. These results indicated that the standard RP2D may not be optimal as the dose for longitudinal use to achieve better clinical outcome; therefore, we may need to consider longitudinal RDI in determining the RP2D in phase 1 trials. In this context, it may be reasonable to carefully evaluate the OLLD of the RP2D as an alternative dose for further testing in addition to the standard RP2D. More conservatively, the benefit-risk balances between the standard RP2D and its OLLD should be compared for subsequent phase 2 (or 3) trials.
In practice, however, the minimum RDI to be reached must be questioned. The consensus among experts in drug development is that a threshold of >75% of the intended RDI is acceptable; 3 however, this threshold is only a guideline. The results also showed that no <20% of the patients had an RDI <75% throughout all 10 cycles in the RP2D group. Practically, the target RDI may be varied depending on several characteristics, such as agent type, target population and administration route.
In conclusion, our finding of this study was that in both groups the RDI over time was significantly associated with shorter time to first disease progression; therefore, the longitudinal RDI, which takes into account lower grade toxicity occurrences, may be useful in determining a more desirable dose to use in phase 2 and 3 studies.
These findings indicated the need for further investigations to address whether a "true" RP2D can be predicted through statistical modeling, so that a patient could tolerate the same dose for a reasonable duration of time and not require significant dose reduction or pauses. If a "true" RP2D can be modeled, then a randomized clinical trial will be required to compare whether such a non-standard RP2D and a standard estimated RP2D will result in different clinical outcomes, including progression-free or overall survival.
We investigated the toxicities of small molecule TKI as MTA, and did not include sufficient antibody agents or immunotherapies; therefore, our findings are not generalizable. Second, the number of patients in the trials gradually decreased with increasing cycles;
hence, the impact of RDI observed should be carefully interpreted.
Finally, our results are based on only 9 phase 1 trials, but the study involved the careful examination of the protocols and data of the 102 phase 1 trials in order to properly compare the longitudinal toxicity and efficacy outcomes between the RP2D and OLLD groups.
Phase 1 patients are not necessarily representative of the larger patient population receiving MTA. This question of optimal dose, with respect to efficacy and toxicity, may require testing in phase 2 or phase 3.
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